We report on the recording performances and signal-to-noise ratio analyses of perpendicular magnetic bit-patterned media. Two different types of magnetic samples are investigated. They differ by the way that they were patterned (nano-imprint versus e-beam lithography) as well as their magnetic properties (Co/Pt multilayers and CoCrPt alloy are the recording layers). By using a contact read/write quasi-static tester, we were able to characterize the write windows, the bit error rates, and measure the signal-to-noise ratio. The influence of magnetic properties and media microstructure on the writing processes is studied. We show also that the lithographical method used to replicate the media induces more or less noise due to structural distributions.
Introduction
To extend the magnetic storage density beyond the superparamagnetic limit of conventional media, various approaches were proposed including energy assisted magnetic recording (HAMR or MAMR) and bit patterned media (BPM) [1] . The main issue with BPM is to find ways to produce them with a high throughput, high structural quality and at a low cost [2] .
Therefore, considerable research efforts have been devoted to the fabrication of patterned media [3] . The present study aims to better understand the recording performances and noise properties of these media [4] - [6] , in particular on the influences of both material properties and patterning method on the writing synchronization and noises.
In contrast to continuous media, bits position in patterned media is predefined by patterning process. Therefore to ensure a minimum bit error rate (BER), the write pulse has to be synchronized to the bits themselves. If the write current is switched before or after the head has passed above the targeted dot, the bit is not addressed correctly. However during a time margin, called the write window (WW), writing is 100% efficient for an optimal write current.
If the head field is switched outside the WW, a written-in error occurs. The write synchronization can be achieved by an internal clock, which is used to control the write current and follow the bits position [7] . But the manufacturing process of patterned media induces distributions in sizes and in spacing of the dots, so the internal clock may only accomplish an average synchronization. Albrecht et al. have measured a WW of S, where S is the dots spacing, in focused ion beam patterned structures [8] . So a distribution of S can reduce considerably the WW width. It has also been demonstrated by Livshitz et al. the WW width dependence on material parameters [9] . The authors have clearly shown the WW width was reduced, when a distribution of anisotropy field is considered. Therefore both material parameters and patterning process have to be well controlled to avoid written-in errors.
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Considering then that all bits are correctly written, imperfections of the media, as distributions in sizes and in spacing of the bits, deteriorate the system read-back performances [10] [11] .
These distributions result in a signal-to-noise ratio (SNR) expressed as [12] In this paper, we report on an experimental study focused on the recording and noise characteristics of two types of patterned media. We show that both material and manufacturing processes influence the BER and the SNR. concerning the fabrication of sample A as well as its magnetic properties will be published elsewhere [13] . Figure 1a shows a Magnetic Force Microscopy (MFM) image of sample B in AC-demagnetized state. Each dot exhibits a mono-polar contrast associated with a perpendicular-to-plane magnetization; moreover the features remain single domain at zero field, the same being true in sample A [14] .
In figure 1b Table 1 ). The barrier height ΔE, which prevents the magnetization reversal, is thermally activated and depends on the reversal mode [21] [22] . By magnetic after-effect measurements, we have already shown that ΔE for sample B was larger than seen in sample A [13] (see table 1 ).
Although the numerical values of both ΔE are quite different, they largely fulfill the stability criterion of magnetic recording (ΔE>40k B T).
Written-in errors and write windows
To write bits sequences in both samples, we have employed a quasi-static contact tester, in 4 4 which a commercial longitudinal GMR recording head is used to map the stray field. The head is fixed on a piezo stage allowing a scan window of 120x120µm² with a step resolution of 2nm and a scan velocity of 5µm/s. The spatial resolution in reading mode is limited by the dimensions of the GMR recording head used (track-width of about 150nm). The head is placed in close contact with the sample, and by positioning the write pole at the vertical of the bits, it is possible to switch the magnetization of each dot individually. Then, the read-back signal can be obtained from the magneto-resistive sensor. The write bubble window is about 80×150nm 2 , which is close to the sizes of both studied arrays.
DC erased experiments have allowed the determination of the optimal write current before precisely testing our media in terms of signal-to-noise ratio and error rates. In each sample, a distribution of write current exists, which reflects the SFD mentioned above: the write current was experimentally measured within the range from 8 to 10mA for sample A and from 15 to 17mA for sample B.
Bits sequences were written in the media by positioning the write pole at the center of a track and by adjusting the piezo stage step to the desired bit periodicity. For instance, figure   2a , b show sequences of alternating up and down bits on sample B. In figure 2a, 2D map of the GMR signal is depicted, whereas in figure 2b the GMR signal along a track is plotted. To obtain such a perfect bit configuration, the write current, as well as the synchronization of the write pulse with the bit periodicity, were optimized. A phase shift between the array and the write pole, or, a too low or too high current, can induce written-in-errors. An artificial phase shift can result in a mis-synchronization, leading to an increase in the BER. The write window can be experimentally deduced from such a measurement. After reading a large part of a track with the GMR sensor, the write pole is precisely positioned at the center of a track and a phase shift is added in the down-track direction. The bit sequence used previously is written in the media and the result for sample A is shown in figure 3 . The BER strongly depends on 5the phase shift, which is low for tracks 1, 3, 5, 7 and large for tracks 2, 4, 6 (figure 3). The same writing process has been carried out for sample B with similar results.
In figure 4 the ratio of synchronized dots vs. the phase shift is plotted for both samples. The WW width can be measured in the previous graphics, where the BER<5%: 66nm for sample
A and 170nm for sample B. Although both WW widths are close to the dots spacing (80nm and 200nm for sample A and B respectively), it is difficult to synchronize 100% bits in sample A. Moreover, the transition length between 5% and 100% of BER is sharper for sample B than for sample A (50nm vs. 80nm respectively). When the write pole is located above the trenches or at the dots edges, the bits reversal is still achievable (that is why the transition length is extended for a few tens of nm). The reversal probability is clearly larger for the pre-patterned sample.
Boris Livshitz et al. showed that the WW width reduces when a distribution of easy axis in the media is considered and that the transition length between 5% and 100% of BER increases at the same time [9] . It is generally admitted in the literature a distribution of easy axis in the range 2.5-6° for perpendicular-to-plane magnetized continuous media (see [23] and references herein). T. Thomson et al. explained that the SFD in patterned media arises from the distribution of intrinsic anisotropy rather than any fabrication related effects [24] . However we have previously shown by transmission electron microscopy that the Co/Pt multilayers deposited onto pre-patterned Si substrates exhibited a bending at the dots edges (see crosssection in figure 4 in reference 25) . We have also demonstrated that the bending can reduce the local anisotropy by 40%, which really favors nucleation at the edges and reduces locally ΔE (as presented in section 2).
Throughout the WW, each dot is subjected to a perpendicular stray field with sufficient amplitude to switch its magnetization individually. Outside the WW, the pulse field is applied 6 6 above the trenches. In sample A, because of the bending of the multilayered structure and the local reduction of anisotropy, the bit reversal probability, when the write pole is above the trenches, does not vanish. This edge effect increases the BER and consequently reduces the WW.
In sample B, the BER tends to zero throughout the WW. Even if e-beam lithography can induce edge effects, by cutting grains at the dots edges for instance, no direct influence was evidenced in the writing performances. Sample B is constituted by 8nm diameter weakly coupled grains (about 150 grains per bit). A few grains reversal at the dot edges does not propagate across the entire bit and does not affect the average bit magnetization (the contribution of a few magnetic grains to the total signal is minuscule).
In sample A, the strong inter-grain coupling between 20nm diameter grains makes the nucleation at the dot edges very critical, because the nucleated bubble can propagate across the entire dot.
4 Signal-to-noise ratio analyses.
In addition to writing performances, patterned media must be competitive in terms of SNR.
One way to evaluate the SNR is to compute the read-back signal correlation coefficients after writing a periodic pseudo random sequence (PRBS). Considering two signals of PRBS, v(x)
and v(y), with a periodicity P such as v(x+nP) = v(x) (n is an integer), the noise being typically any fluctuation from the perfect periodic signal, it is possible to calculate the correlation coefficient R as [26] : Considering several PRBS, the last formula can be extended as: figure 6 . The writing in that case was more effective and fewer errors were observed. By using formula (4) and the cross correlation coefficients, the SNR was evaluated to be 11.7dB and 14.5dB for sample A and B respectively.
It is generally admitted that the main source of noise is due to jitter noise in patterned media [4] . This position noise is linked to the bits position and consequently to the patterning processes. We have already shown by atomic force microscopy measurements a broader distribution in sizes of the dots for fabricated nano-imprinted samples with respect to those fabricated by e-beam lithography [25] . If we do not take into account material fluctuations, and if we assume dots sizes and spacing fluctuations of the same width, i. 
Conclusions
In conclusion, we have investigated and compared the recording performances of two patterned media. By using a quasi-static contact tester with longitudinal write heads, we have measured the bit error rates and the write windows, as well as the signal-to-noise ratio.
The SNR analyses show that nano-imprint lithography induces slightly broader structural distributions than e-beam lithography. Nano-imprint lithography being well adapted for industrial implementation, the technique has to be improved to reduce the standard deviations of structural distributions below 5%. Concerning the written-in-errors, we have attributed the larger BER of the multilayered material to the microstructure. Local defects at the dots edges constitute potential nucleation centers. If the magnetic grains are strongly coupled (sample A), nucleation can take place at the edges of the dots, followed by propagation of domain wall across the entire dot. In contrast, in patterned media made of weakly coupled grains (sample B), uncontrolled switching probably vanishes when the write pole is located above the 9 9
trenches. To increase thermal stability, which is the challenge of patterned media, bits should be single grain if possible, or composed of several coupled grains. The usage of multilayered material makes this crystallographic property possible. But the edges effects and particularly the widening of the anisotropy distributions at the edges should be avoided. It can be achieved by improving the sharpness of the pre-patterned dots themselves as well as the directivity of the PVD process. The same bit sequence used in figure 2 has been written several times in sample A. Between each measurement a write current phase shift (y) is added in the down-track direction. The write current is not switched at the same location, and written-in-errors occur for some phase shift. The bit error rate is low for tracks 1, 3, 5 and large for tracks 2, 4, 6. In track 3, all bits are well synchronized with the write current. In track 4, where the current phase shift is of about 80nm (dots spacing) with respect to track 3, the bits are out-of-phase for most of them. Pseudo random bits sequences have been written in sample A and scanned with the read-head.
The GMR signal density map is given in a) for six parallel tracks. In b) the GMR signal centered on the tracks is plotted. There are some written-in errors and multidomain dots, which have been removed for the signal-to-noise ratio analyses. Written-in error Figure 6 
